Purpose of review To summarize advances in the genetics underlying variation in normal pubertal timing, precocious puberty, and delayed puberty, and to discuss mechanisms by which genes may regulate pubertal timing.
INTRODUCTION
Puberty is a period of remarkable physical development that results in sexual maturation. Precocious and delayed puberty can be sources of distress, and there is compelling evidence that variation in pubertal timing may affect risks for conditions such as cardiovascular disease, breast cancer, and depression [1,2 && ,3 & ]. Despite the strong heritability of pubertal timing, our understanding of the underlying genetics is limited. Recent advances have started to reveal the genetic background of normal pubertal timing and the first single-gene causes of precocious and delayed puberty. In this review, we discuss recent developments in the genetics of normal pubertal timing, central precocious puberty, and delayed puberty and discuss potential mechanisms for how implicated genes may affect pubertal timing.
VARIATION IN NORMAL PUBERTAL TIMING
The timing of normal pubertal onset varies substantially and is influenced by both genetic and environmental factors, with genetic factors accounting for an estimated 50-75% of the variation [4] [5] [6] . Although numerous studies have examined associations between candidate genes and pubertal timing in small-to-moderate-sized cohorts [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , this section will focus on large-scale genome-wide association studies (GWAS), which provide the most definitive results to date, and on a series of studies on variants in FSHR, the gene encoding the FSH receptor.
Genome-wide association studies
In the last decade, GWAS have been used to identify genetic loci that affect normal pubertal timing (Table 1) . In 2009, four independent GWAS reported the first evidence that common genetic variants can influence pubertal timing [23] [24] [25] [26] . Subsequent studies have used ever-larger cohorts, and a GWAS in 2017 used data in 368 888 women to identify 389 loci that influence pubertal timing [2 && ,33]. These loci affect multiple biological pathways and sites of action, which are further discussed below.
Most GWAS have used recalled age at menarche as a retrospective marker of pubertal timing in girls. In boys, age at voice breaking has been used as a similar marker. GWAS in men have largely revealed significant overlap between the sexes in the genetic factors that influence pubertal timing. However, some loci show different effect sizes or even effects in opposite directions [35, 37] . Potential mechanisms for these sex-specific effects on pubertal timing have been recently discussed by Cousminer et al. [37] .
The most recent 2017 GWAS examined not only pubertal timing within the normal range but also early and late pubertal timing. This analysis suggested that, in girls, common genetic variants contribute more to early than late pubertal timing, and that in boys the opposite is true [2 && ]. The mechanisms underlying this sex difference are not clear [37] , but this difference may explain why precocious puberty is more likely to be idiopathic in girls than in boys and may also explain, at least partially, why precocious puberty appears to be more common in girls and delayed puberty in boys [2 && ,38,39]. The above GWAS were conducted in cohorts of European ancestry. GWAS on age at menarche have also been conducted in non-European populations to determine the effect sizes of previously identified GWAS loci in different ethnic backgrounds as well as to potentially identify new loci. These GWAS, conducted in women of Hispanic [28] , African American [29, 30] , Japanese [31] 
KEY POINTS
Genome-wide association studies have identified hundreds of common genetic loci that affect normal pubertal timing in both sexes and across ethnic groups. Several of these loci have also been implicated in precocious and delayed puberty. Some loci may preferentially impact certain pubertal milestones but not others.
The first single-gene causes of precocious puberty (MKRN3, DLK1) and delayed puberty (IGSF10) are being characterized.
Mechanisms for how these genetic loci influence pubertal timing may include effects on the development and function of GnRH neurons, their activation at the time of puberty, and the responsiveness of end-organs. ]. At puberty, FSH stimulates ovarian production of estradiol, which stimulates growth of breast tissue, resulting in thelarche, one of the earliest hallmarks of female puberty. In contrast, menarche is a late event and likely involves maturation at multiple levels of the hypothalamicÀpituitaryÀgonadal axis. Thus, it is possible that genes like LIN28B, which has been proposed to act in the hypothalamus, may impact all pubertal milestones, but genes like FSHR, which act peripherally, may preferentially affect thelarche with a smaller effect on menarche [45 && ].
Other sources of genetic variation
Currently, the 389 loci identified through GWAS account for 7.4% of the variation in normal pubertal timing [2 && ]; GWAS for many other traits and conditions have similarly explained only a small proportion of variation [46] . It is possible that there are many more variants yet to be discovered in GWAS with even larger cohorts.
In addition, factors beyond single-nucleotide polymorphisms may contribute to variation in pubertal timing, factors including copy number variation or epigenetic changes [47, 48] . A duplication near the DBI (diazepam binding inhibitor) gene, believed to decrease testosterone and estrogen levels through effects on GABA (gamma-aminobutyric acid) signaling in mice, has been linked to age at menarche [47] . The latest GWAS associated lysinespecific demethylase genes with age at menarche, raising the possibility that epigenetic changes, including methylation, may also influence pubertal timing [2 && ]. Findings that global DNA methylation in adult women and epigenetic age (as determined by methylation of specific loci) in adolescent girls may be associated with age at menarche provide further support for this concept [49, 50] .
CENTRAL PRECOCIOUS PUBERTY

MKRN3
In 2013, mutations in MKRN3 emerged as an important genetic cause of central precocious puberty (CPP) in both boys and girls from whole-exome sequencing in multiple unrelated families. The exact mechanism by which defects in MKRN3 lead to early activation of the hypothalamicÀpitui-pituitary axis is unknown. MKRN3 encodes a protein that resembles E3 ubiquitin ligases, which facilitate ubiquitination of target proteins, leading to degradation by the proteasome or, in some cases, modification of protein function [63 & ]. Studies in mice show that Mkrn3 is expressed in the hypothalamus, and its expression decreases with sexual maturation [63 & ]. MKRN3 has therefore been postulated to have an inhibitory influence on reproductive endocrine activity in the hypothalamus in prepubertal children [64, 65] .
DLK1
A defect in another imprinted gene, DLK1, was identified in 2017 through linkage analysis and whole-genome sequencing in a large family with multiple members with CPP [66 && ]. A $14 kb deletion in DLK1 was found to segregate with all four affected female members from a Brazilian family of African descent. Previously, deletions in DLK1 and surrounding genes had been identified as the cause of Temple syndrome, a rare genetic disorder associated with CPP [67] . 
KISS1 and KISS1R
Gain-of-function mutations in the genes encoding kisspeptin and its receptor, KISS1 and KISS1R, respectively, have also been suggested to be causes of CPP [70 & ]. In 2008, a rare heterozygous mutation in KISS1R was identified in a Brazilian girl with CPP; this mutation led to prolonged intracellular signaling following kisspeptin binding [71] . A subsequent study in 2010 identified a rare heterozygous variant in KISS1 thought to confer resistance to degradation in a boy with CPP [72] . Studies have also investigated the role of common variants in KISS1 and KISS1R in individuals with CPP; these studies have suggested potential associations, but because of the small size of these studies, further replication studies are needed to confirm these findings [ [80] [81] [82] and CYP19A1, CYP1A1, CYP17, and CYP1B1 (genes encoding steroidogenesis enzymes) [83, 84] have reported potential associations, the small size of these studies preclude any definitive conclusions.
SELF-LIMITED DELAYED PUBERTY
In self-limited delayed puberty (also called constitutional delay), pubertal onset is delayed but occurs spontaneously prior to age 18 years [85] . In contrast, in idiopathic hypogonadotropic hypogonadism (IHH), another condition that presents with delayed puberty, puberty does not start or is incomplete by adulthood [86] . In some cases, individuals with IHH undergo 'reversal,' that is, activation of the HPG axis after age 18 years [87] . This section will focus on the recent developments in the genetics of self-limited delayed puberty and investigations into potential genetic links between these disorders.
IGSF10
IGSF10 was the first gene to be associated with selflimited delayed puberty through a whole-exome sequencing study of 76 affected individuals from 18 unrelated families [88] . Four heterozygous, potentially pathogenic missense variants in IGSF10 were identified in 28 individuals with delayed puberty from 10 families, and in 7 of these families these variants segregated fully with delayed puberty. Functional in-vitro studies showed failed excretion and cytoplasmic retention of the mutant proteins [88] . Of note, a recent study did not identify significant enrichment of IGSF10 mutations in individuals with delayed puberty compared with controls, but the high rate of variation in IGSF10 (a large gene) in control populations makes such enrichment difficult to demonstrate [89 & ]. The precise role of IGSF10 in human pubertal timing is yet to be elucidated. Studies in mouse and zebrafish models suggest that IGSF10 is required for the proper migration of GnRH neurons [88] . How defects in the GnRH neuronal network could result in delayed puberty is discussed further below.
Links to idiopathic hypogonadotropic hypogonadism
Several studies in the last decade have investigated the hypothesis that self-limited delayed puberty and IHH share a genetic basis. Though initial studies examining individual IHH genes did not conclusively demonstrate such a genetic link [7, [90] [91] [92] , a recent study using whole-exome sequencing to screen a panel of 21 IHH genes identified enrichment of potentially pathogenic variants in IHH genes in patients with delayed puberty compared with controls [93] . Of note, variants in the genes TAC3 and TACR3, which encode neurokinin B and its receptor, were identified in multiple individuals with delayed puberty. The neurokinin B pathway has also been implicated in IHH with reversal, as well as in the variation of normal pubertal timing in GWAS; thus, neurokinin B signaling appears to have a critical influence on pubertal timing [2 && ,87]. Another study in Finnish individuals with delayed puberty, however, did not identify an enrichment of mutations in a panel of 24 IHH genes in individuals with delayed puberty compared with controls [89 & ]. The apparent discrepancy between these studies could be because of differences in how mutations were defined [89 & ,93] .
Other candidate gene analyses
Candidate genes from disorders that include delayed puberty or IHH as a feature have been proposed, including LEP and LEPR [94, 95] , IGSF1 [96] , IGFALS [97] , and GHSR [98] . Studies investigating the role of common variants in LEP, LEPR, and IGALS have not demonstrated an association with delayed puberty [94, 97] . Although rare-variant studies have identified two variants in GHSR (which encodes the ghrelin receptor) and one in LEP (which encodes leptin), whether rare variants in these genes are more common in individuals with delayed puberty compared with the general population is unclear [95] [96] [97] [98] . 
POTENTIAL MECHANISMS FOR REGULATING PUBERTAL TIMING
It has been proposed that puberty starts in the brain [100] , yet the genes identified in the above studies have potential roles throughout the hypothalamicÀpituitaryÀgonadal axis (Fig. 1) . How could these genes affect pubertal timing?
The earliest known physiologic event in puberty is an increase in pulsatile GnRH secretion from the hypothalamus; the mechanisms that determine the timing of this event are largely unknown [101] . The first physical signs of puberty, such as testicular growth in boys and thelarche in girls, occur months to years after this initial increase in GnRH secretion [102] , and voice FIGURE 1. Putative sites of action for genes implicated in precocious puberty, normal variation in pubertal timing, and delayed puberty. Select genes are listed next to their likely sites of action within the hypothalamicÀpituitaryÀgonadal axis. Of note, some genes implicated in precocious puberty (DLK1, MKRN3, and KISS1) and in delayed puberty (TACR3) are also associated with variation in normal pubertal timing, indicated by underlining.
breaking in boys and menarche in girls occur even later [2 && ]. Given this physiology, there are at least three potential mechanisms for variation in the timing of appearance of physical hallmarks of puberty (Fig. 2) . First, there may be differences in the timing of the initial emergence of reproductive endocrine activity (Fig. 2b) . The genes KISS1, KISS1R, TAC3, and TACR3 encode signaling molecules and receptors that promote GnRH secretion and may function as part of this putative pubertal 'switch' [2 && ,86]. Second, differences in GnRH neuronal activity or in downstream signaling events could alter the rate at which reproductive hormones rise after this initial activation (Fig. 2c) . This mechanism could explain how genes involved in the development and migration of GnRH neurons, such as the ANOS1 gene (also known as KAL1) affect pubertal timing [2 && ,86]. Third, end-organ responsiveness to reproductive hormones may vary, thus changing the 'threshold' for the degree of reproductive endocrine activity needed to induce physical characteristics of puberty (Fig. 2d) . This mechanism could explain how variants near the FSH receptor gene, FSHR, affect the timing of testicular growth in boys and breast development in girls [43, 44 & ,45 && ]. These various mechanisms, which are not mutually exclusive, emphasize that puberty is not a single event but rather a process that unfolds over time, and that there has already been significant reproductive endocrine activity by the time physical hallmarks of puberty become apparent. Future studies may reveal additional mechanisms for variation in pubertal onset.
CONCLUSION
The last decade has seen significant progress in the identification of genes that affect pubertal timing, with the discovery of hundreds of common genetic variants that affect normal pubertal timing and the FIGURE 2. Potential mechanisms underlying variation in pubertal timing. The graph schematizes the hormonal and physical events that mark pubertal onset and shows potential mechanisms for variation in pubertal timing. The solid black curve in panel (a) represents typical hormone production over time, with a period of robust activity in infancy ('minipuberty'), a relative quiescence in childhood, and reemergence of activity at puberty. The dashed line represents the 'threshold' concentration of gonadotropins and/or sex-steroids needed for the appearance of physical signs of puberty, such as testicular growth in boys and thelarche in girls. These physical signs appear when hormonal activity reaches the threshold, indicated by the circle. Three potential mechanisms for variation in pubertal timing are illustrated in panels bÀd. The solid black curve depicts normal pubertal timing. Variations resulting in differences in pubertal timing are depicted in gray; these include variation in the timing of activation of the GnRH neuronal network (b), in the rate of rise of gonadotropins/sex-steroids (c), and in end-organ responsiveness to gonadotropins and/or sex steroids (d). These mechanisms are not mutually exclusive.
first single-gene causes of precocious and delayed puberty. Future studies with larger and more diverse cohorts will undoubtedly identify additional genes that affect pubertal timing. The next challenge will be to determine precisely how these genes and pathways regulate pubertal timing so we can better understand the physiology underlying growth and development and the links to adult disease risks.
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REFERENCES AND RECOMMENDED READING
3.
